Abstract: This paper evaluates the influence of several parameters on the potential of using increased thermal capacitance (ITC) as a passive energy management technique to decrease a building's cooling load. ITC is implemented by circulating water from a storage tank through a piping system located in the building's ceiling. The cooling load of the ITC enhanced building is compared to the cooling load of a reference building without ITC. TRNSYS, a transient system simulation software, is used to simulate both the ITC enhanced building and the reference building. The following parameters that affect the performance of the ITC are analyzed: tank size, specific heat, mass flow rate, initial temperature of the working fluid, pipe material and wall thickness, and location of the piping system in the ceiling. These parameters are also modified to achieve the best results for each of the climate conditions investigated. The simulations demonstrate that ITC has the potential to reduce the overall cooling load in a range between 4% to 8%, depending on the location and the month of the year.
INTRODUCTION
About 40% [1] of the current energy usage in buildings is due to heating and cooling systems. One way to reduce energy usage in buildings is to reduce the energy load using active and/or passive systems.Along with increased interests in the demand side energy management [2 -4] to save costs in energy generation and plant construction and increase grid resilience, many studies have been conducted to reduce/shift peak load in buildings (e.g., [5 -9] ). Lee and Braun [5] proposed a model-based approach to minimize peak cooling load using building thermal mass and demonstrated that their proposed method can results in about 30% reduction in peak cooling loads for the building they examined. Applications of building thermal energy storage have also been investigated as a strategy to shift peak building thermal loads [6 -9] . Rabi and Norford [10] studied thermostat control strategies to reduce cooling load during the peak period by sub cooling a building during night time.
A variety of techniques used to reduce overall building energy consumption have been explored by several researchers. For example, Yang and Li [11] performed a quantitative analysis to reduce cooling load using thermal mass, night ventilation, and building time constant information. They reported that an increase of the time constant could reduce the cooling load by 60% when the time constant is more than 400 hours. Various building energy components, such as green and vegetation roofs [12 -14] , insulation material [15, 16] , and windows [17, 18] , have been considered to decrease thermal loads in buildings. Sadineni et al. [19] provided a detailed review of the building envelope components and their respective improvements from an energy efficiency perspective. Different types of energy efficient walls (trombe walls, ventilated walls, and glazed walls), fenestration technologies (aerogel, vacuum glazing and frames), energy efficient roofs (contemporary green roofs, photovoltaic roofs, radiant transmittive barrier, and evaporative roof cooling systems), various types of thermal insulation materials, and the effects of thermal mass and phase change material on building cooling/heating loads and peak loads were discussed in their review. Radiant heating and cooling technologies have been used to reduce building energy consumption [20, 21] . Several authors such as Feustel et al. [22] , Venkoa et al. [23] , Yin et al. [24] , Tian and Love [25] , Miriel et al. [26] , Sanusi et al. [27] , among others have investigated the implementation and use of radiant cooling and heating systems. Feustal et al. [22] performed a preliminary assessment indicating that radiant cooling has the potential to reduce peak power requirements, and hence, the total energy usage for cooling. Furthermore, Venkoa et al. [23] presented an experimental study on mixed convection with a cooled vertical wall and found that mixed convection improves effectiveness of radiant systems. Yin et al. [24] conducted an investigation on performance and condensation of radiant cooling panels and showed that, with proper control strategies, radiant cooling can be implemented in an effective manner while avoiding condensation.Tian and Love [25] showed that a radiant floor system combined with a conventional air conditioning system could reduce a dwelling's energy usage up to 80%. Miriel et al. [26] studied the use of radiant systems in Europe and found that a minimum temperature of 17°C needs to be maintained to avoid condensation and that energy usage is reduced by 10%. Sanusi et al. [27] examined a radiant system that uses the ground as a heat sink as method for achieving cooling in low energy buildings. Chowdhury et al. [28] explained that, in subtropical climates, a radiant system is a better alternative than pre cooling or the use of economizers in conventional cooling systems. Imanari et al. [29] found that, in Tokyo, a radiant cooling panel can reduce energy consumption by up to 10%. Sattari and Farhanieh [30] presented a parametric study on radiant floor heating using finite element analysis and found that the type and thickness of the cover are the most important design parameters. Zhao et al. [31] found that a radiant floor cooling system can provide better thermal comfort and reduce energy demand by 20-30% when compared to a conventional all air system. Fenget al. [32] found that the total cooling energy of radiant systems is 5-15% higher than air systems. Oxizidis and Papadopoulos [33] determined that radiant cooling systems are most suitable for buildings with cooling loads generated mostly by solar or internal heat loads.
In contrast with radiant cooling or heating systems, Carpenter et al. [34] presented an analysis of using increased thermal capacitance (ITC) for passive energy management and showed that their proposed ITC systems has the potential to reduce the building cooling load. The main concept of ITC is to reduce building thermal load by circulating water through a piping system located in the building walls or ceiling.The reduction of the thermal load is achieved by increasing the effective thermal capacitance at selected surfaces of the building, e.g., ceiling and walls.Water is circulated through pipes embedded in these surfaces and routed through a large storage tank in order to achieve the same effect of a massive thermal capacitance.The focus of this paper is to evaluate the influence of several parameters on the potential of using ITC as a passive energy management system to decrease the building cooling load by circulating water from a storage tank through a piping system located in the building's ceiling.The cooling load of the ITC enhanced building is compared to the cooling load of a reference building without any form of ITC. Parameters that affect the performance of the ITC, including tank size, specific heat of the working fluid, mass flow rate of the working fluid, initial temperature of the working fluid, the pipe material, pipe wall thickness, and location of pipe in the roof are analyzed.The best results obtained by modifying the ITC performance parameters for each of the climate conditions investigated.
DESCRIPTION OF THE SIMULATION ENVIRONMENT
TRNSYS [35] , a simulation program used in the fields of building simulation and thermal energy engineering, was used to model both the reference building and the building with ITC.The model generated in TRNSYS for the reference building is shown in Fig. (1) . The weather information used to estimate the heating and cooling loads for the reference building is obtained from the Typical Meteorological Year (TMY) data derived from the National Solar Radiation Data Base (NSRDB) archives [36] . The reference building was modeled using the Type 56 Multizone Building component in TRNSYS. The mathematical model of the components can be found in [37] .Once the baseline cooling and heating loads were found, the reference building was modified to include the proposed ITC in the ceiling.This location was selected based on the results presented by Carpenter et al. [34] , which favored locating the ITC in the ceiling rather than in the walls. Fig. (2) illustrates the dynamic model with the ITC added in the ceiling. For this case, a piping system was inserted into the ceiling to increase the thermal capacitance. The piping system was placed between the inner and outer layers of the ceiling. Fluid circulating in the pipes allows the addition or removal of energy to or from the zone depending on temperatures of the fluid, zone air, and ambient air. The interior and exterior wall surface temperatures are calculated based on the effect of conduction between pipes and construction material using a two dimensional conduction analysis. For simulation of the ITC system, the proposed model adds to the reference model a storage tank component and a pump component to circulate water through the loop consisting of piping at the ceiling and the storage tank. The pump component chosen was a single speed pump. The storage tank component selected was a thermally insulated vertical storage tank with a single inlet as well as a single outlet. The storage tank was located outside the building and exposed to ambient weather conditions. 
RESULTS
This section presents the results obtained using the models described in Section 2. First, a simulation of the reference building was used to determine the building's cooling load. Then, the same reference building with ITC implemented through the ceiling was simulated to determine the benefits from this passive energy management technique. After the benefits were established, the effects of several parameters on the performance of the ITC implementation were evaluated.These parameters included: the pipe material, pipe wall thickness, location of pipe in the ceiling, and the specific heat of the working fluid.
Reference Building
The reference building chosen was a hypothetical square office building with a surface area of 196 m 2 (14 m x 14 m), a wall height of 3.048 m, a flat roof, and windows occupying 20% of the wall space.The building size is typical of a small office building.In this analysis the cooling thermal set point was set to 24°C. The lighting power density was assumed to be 19 W/m 2 , with the lights scheduled to turn on at 8 AM and switch off at 5 PM. The simulation included 14 occupants working a nine hour day from 8 AM to 5 PM on computers with a power density of 16.146 W/m 2 . On the weekends the building is unoccupied and everything is shut off. The internal gains for lighting, occupants, and office equipment were estimated using [38] . The material properties for the walls, roof, and floor are presented in Tables 1-3 , respectively.The initial reference building was simulated using weather data for Atlanta, GA.Since the main objective of the paper is to reduce the building's cooling load, the warmest months of the year, i.e., April through September, were used for the simulation. Fig. (3) displays the cooling load estimated in TRNSYS, along with the indoor zone temperature and ambient temperature for the first week in May, with a week time period chosen so the temperature profiles could clearly be appreciated. As is shown in Fig. (3) , the cooling load varies with the ambient temperature while the indoor zone temperature remains around 24°C throughout the day and drops at night. Fig. (3) . Reference building cooling load, ambient and zone temperature for a week in May.
ITC Added to the Ceiling
This section compares the reference building described in Section 3.1 (Case 1) with a similar configuration, but implementing an ITC by placing a circulating fluid piping loop in the insulation layer of the ceiling (Case 2). For Case 2, the mass flow rate of the circulating fluid was selected at 500 kg/h between 6 AM and 8 PM and then the system was shutdown through the night from 8PM to 6 AM.A storage tank size of 7.571 m 3 (2,000 gal), and an initial working fluid temperature of 20°C were used. Table 4 shows the information of the piping system used to simulate Case 2. For this case, the piping system was positioned at the center of the insulation layer in the ceiling. Fig. (4) presents a comparison of the cooling load required for a week in May between Case 1 and Case 2. Similar to Fig. (3) , a week time period was chosen so the temperature profiles could clearly be appreciated. Fig. (4) illustrates that the peak cooling load for each day of the selected week is reduced with the implementation of the ITC system through the ceiling. For example, the total cooling load for the month of May was reduced by 5.9% with the addition of ITC. The energy required for pumping the working fluid is included in the net cooling load calculations. By reducing the amount of energy needed for cooling the associated net operating cost is also reduced. 5) shows a month by month reduction for the entire simulation. The reduction for each month decreases as the outdoor temperatures increase.The highest reduction was obtained for the month of April, about 7%, while the lowest was obtained for August, about 2.9%.It seems that the potential reduction of the building's cooling load is strongly dominated by the outdoor temperature profile. 
Effect of Different Parameters on the Overall Performance of the ITC
This section considers the sensitivity of different parameters on the benefits of using ITC to reduce the cooling load of a building. The parameters considered are: climate conditions, storage tank volume, specific heat, mass flow rate, and initial temperature of the working fluid, pipe material (thermal conductivity), pipe wall thickness, and location of the piping system in the ceiling.
Climate Conditions
The first parameter to be analyzed is the effect of the geographical location of the building, which affects the climate conditions on the ITC performance. Four locations, with different climate conditions, were analyzed in this paper: Atlanta, GA, San Diego, CA, New York, NY, and Phoenix, AZ.With the exception of the weather data, all other parameters remained at the nominal values described in Section 3.2. Fig. (6) shows a month by month reduction for each city from April to September. All cities follow a similar pattern, with more benefits obtained in April than in August and September. San Diego shows the most consistent reduction per month. This is due to the fact that the outdoor temperature does not change significantly in this location for the selected months. For the other three locations, the benefits from ITC decrease for the hotter months (July, August, and September). For these locations, the outdoor temperature significantly change from April to September, which strongly affects the potential of the proposed system to reduce the building cooling load. Fig. (6) . Effect of geographical location on ITC.
Storage Tank Size
The next parameter to be analyzed is the volume of the storage tank, i.e., the amount of thermal capacitance. For this analysis tank sizes of 3.785 m 3 (1,000 gal), 7.571 m 3 (2,000 gal), and 11.356 m 3 (3,000 gal) were used. Fig. (7) shows the total cooling load reduction for each month of the analysis. As shown in Fig. (7) , the larger tank size increased the total cooling load reduction for each month. For example, for the month of April, the cooling load reduction went from 5.1% for the smallest tank to about 8% for the largest tank.This can be explained since by increasing the storage tank size, the total thermal capacitance of the system is increased, which allows more energy to be removed from the building. Fig. (7) . Effect of storage tank size on the performance of ITC.
Specific Heat of the Working Fluid
The next parameter to be analyzed is the type of working fluid used in the ITC. In this paper, this is evaluated by varying the specific heat of the working fluid to determine the effect on the ITC performance. By increasing the specific heat of the working fluid, the total capacitance of the ITC should increase. The specific heat is varied from 4.18 kJ/kg·K (specific heat of water) to 10 kJ/kg·K. The other parameters were kept the same as described in Section 3.2. Fig. (8) shows the cooling load reduction based on the specific heat of the working fluid for the months of April through September.The results indicate that as the specific heat of the working fluid increases the amount of cooling load required decreases. This could be explained by the role of specific heat on the thermal capacitance, i.e. as the specific heat rises the thermal capacitance increases. Fig. (8) . Effect of working fluid's specific heat on performance of ITC.
Mass Flow Rate
The next parameter to be analyzed is the mass flow rate of the working fluid.The mass flow rate decreases the resistance to heat flow in or out of the ITC. The mass flow rates were set at 250 kg/hr, 500 kg/hr, and 750 kg/hr, with all other parameters kept the same as described in Section 3.2. Fig. (9) shows the month by month cooling load reduction based upon the mass flow rate. Results indicate that, as the mass flow rate increases, the total reduction per month decreases. For example, for the month of April, for the lowest mass flow rate the reduction was 7.5% while for the highest mass flow rate was about 6%.This may be explained by considering that the extra pumping power required to increase the flow rate outweighs the extra benefits of increasing the flow rate.
Pipe Material
The next parameter to be analyzed is the thermal conductivity of the pipes. A higher thermal conductivity should increase the amount of energy added or removed from the building. The thermal conductivity was varied between 1 W/m·K, which is close to the thermal conductivity of PVC, and 400 W/m·K, which is close to the thermal conductivity of cooper. All other parameters were kept the same as described in Section 3.2. Fig. (10) shows the amount of cooling load reduction due to thermal conductivity for the months of April through June. Results indicate that the thermal conductivity of the pipes does not have a strong influence on the ITC performance and therefore on the total cooling load reduction.The small amount of change based on thermal conductivity is due to the insulation's thermal resistance being much larger than the piping's thermal resistance. The insulation's thermal resistance is approximately 10 times greater than the piping's thermal resistance, thus the greatest temperature difference is through the insulation layers. This causes the temperature distribution through the piping layer to be similar with regards to piping material. This is similar to the results presented by Sattari and Farhanieh [30] . Fig. (10) . Effect of pipe's thermal conductivity on performance of ITC.
Pipe Wall Thickness
The next parameter to be analyzed is the pipe wall thickness by varying the outer diameter of the pipes. Pipe wall thickness increases the resistance of heat flow into or out of the ITC. The wall thickness was varied from 0.0021 m to 0.0037 m. Similar to the previous cases the values of the other parameters were kept the same as described in Section 3.2. Fig. (11) shows the cooling load reduction based on pipe wall thickness for the months of April through September. As can be seen in Fig. (12) the potential to decrease the cooling load increases linearly with increasing the pipe wall thickness. The critical radius can be used to explain, where the inner radius is smaller than critical radius of conduction to convection. This causes a reduction in the total thermal resistance so that the heat transfer rate increases with a larger pipe wall thickness.
Location of the ITC in the Ceiling
The final parameter analyzed is the location of the ITC layer in the ceiling. By changing the location of the piping system, inside the insulation layer, more heat can be drawn from either inside the house or outside the house. The location of the piping system inside the insulation is shown in Fig. (12) . In Fig. (12a) the piping system is closer to the exterior, in Fig. (12b) the piping system is in the center and in Fig. (12c) the piping system is closer to the interior. The values of the other parameters were the same as described in Section 3.2. Fig. (13) shows the cooling load reduction based on pipe location in the insulation layer for the month of May. Results indicate that locating the piping system closer to the interior of the building provides more benefits in terms of cooling load reduction.When the piping system is located closer to the interior, the exterior insulation is able to provide more resistance to the outside and the piping system is able to remove more energy from the building. This maintains a lower fluid temperature in the ITC, which allows the ITC to provide more benefits throughout the evaluated month. Fig. (11) . Effect of pipe wall thickness on performance of ITC. 
ITC Optimized in Four Geographical Locations
This section presents the results for optimizing the parameters to get the best results possible from the ITC implementation. For this analysis water was used as the working fluid with a specific heat of 4.18 kJ/kg·K, while all other parameters were optimized for the best results. The pipe was located at closer to the interior with a thermal conductivity of 400 W/m·K with a pipe thickness of 0.0037 m. The mass flow rate of the fluid was 250 kg/hr with an initial water temperature of 18°C and tank size of 11.356 m 3 (3,000 gal) were used. For this analysis all four geographical location were analyzed with the month by month results shown in Fig. (14) . As is shown in Fig. (14) the pattern is similar to the results presented in Section 3.3.1 with the reduction for each month being greater. The overall reduction for each city increased by over 2% with the optimized system. Reductions of more than 10% were obtained for all locations for the month of April. San Diego is the city that presents the best performance in terms of average reduction (about 9%). Fig. (14) . Optimization of the performance of ITC.
CONCLUSION
This paper examined the effect of several parameters on the benefits of using ITC as a passive energy management system to reduce the cooling load of buildings. A reference building was simulated in Atlanta, GA for the months of April through September to get a base cooling load for comparison. An ITC system was then added to the reference building and simulated to verify that the ITC system was able to reduce the cooling load. Several key parameters, such as tank size, specific heat, mass flow rate, and initial temperature of the working fluid, pipe thermal conductivity, pipe wall thickness, and pipe location in ceiling were analyzed to assess the influence of each parameter on the performance of the ITC. Results indicated that ITC is useful in all parts of the country. In addition,ITC shows more potential in locations where the outside temperature does not have a significant change from April to September such as the climate conditions in San Diego.The ITC system is able to provide reductions between 6.5% to 5% in this city for the evaluated months. On the other hand, in cities where the outdoor temperature significantly change between April in September, results indicated that tank size and specific heat of the working fluid have the greatest effects on the ability of the ITC to reduce the cooling load. The parameter analysis also showed that the initial working fluid temperature, piping thickness, and piping thermal conductivity do not have a strong influence on the benefits that could be obtained from the ITC application for the reduction of the cooling load. However, the location of the piping system within the insulation layer and mass flow rate of the working fluid are parameters that have some influence on the ability of the ITC to reduce the cooling load. By optimizing these parameters, the total cooling load in each city was increased by over 2%.Further research is needed in improving the effectiveness of the ITC along with detailed analysis of cost. Also research is needed for using ITC in cooler months for heating.
